Identifying the A-and P-site locations on ribosome-protected mRNA fragments from Ribo-Seq 2 0 3 2
Introduction 1 3 8 measured by Ingolia and co-workers 11 was utilized in this study. Since CHX treatment has been shown to 1 3 9 artificially alter ribosome profiles in S. cerevisiae, we believed it prudent to not use mESC samples pre-1 4 0 treated with CHX. To increase the coverage we pooled reads from another untreated Ribo-Seq sample 1 4 1 of mESCs published in the study of Hurt and co-workers 30 . The linker sequence 1 4 2 CTGTAGGCACCATCAATTCGTATGCCGTCTTCTGCTTGAA for Ingolia's dataset and the poly-A adapter 1 4 3 sequence for Hurt's dataset were trimmed using cutadapt (v1.14) 29 . The trimmed reads were first aligned 1 4 4 to ribosomal RNA sequences using Bowtie2 (v2.2.3) 20 and the filtered reads were subsequently aligned to 1 4 5 mm10 reference transcriptome consisting of 21,185 genes obtained from UCSC knownGene database 1 4 6 using Tophat (v2.0.13) 21 with up to two mismatches allowed. For a gene with multiple isoforms, only the 1 4 7
isoform with the longest CDS was included in the reference transcriptome. For transcripts with no 1 4 8 information on the 5 UTR region, we included 40 nt of genomic sequence upstream from the start codon 1 4 9
for successful alignment of reads around start codon and effective application of Integer Programming 1 5 0 algorithm. Translation initiation site data was obtained from Table S3 of study of Ingolia and co-1 5 1 workers 11 . We selected genes that have only one translation initiation site coding for only a canonical 1 5 2 CDS product. From these genes, only genes containing a single isoform were selected, resulting in 430 1 5 3 genes in our final dataset.
1 5 4
Escherichia coli. Wild-type Ribo-Seq data for E.coli were obtained from studies of Li and co-workers 1 5 5 (2012) 31 , Li and co-workers (2014) 32 and Woolstenhulme and co-workers 33 . The accession numbers of 1 5 6 the samples used are provided in Supplementary Table S1 . The respective linker sequences in each 1 5 7 sample were trimmed using cutadapt (v1.14) 29 . Reads were initially aligned to ribosomal RNA sequences 1 5 8
using Bowtie2 (v2.2.3) 20 and the rest of reads aligned to the E.coli reference genome build NC_000913.3 1 5 9
using Tophat (v2.0.13) 21 with up to two mismatches allowed. Gene annotations were obtained for 4314 1 6 0 genes from RefSeq database corresponding to NC_000913.3.
6 1
Gene selection, analyses and statistical tests 1 6 2 Selection of genes. To obtain good sampling statistics, we selected for analysis only those genes that 1 6 3 have on average greater than 1 read per codon per fragment length per reading frame. This means that 1 6 4 different sets of genes can be used in the Integer Programming algorithm depending on the fragment 1 6 5 length and frame under scrutiny. The average number of reads per codon was calculated on the CDS 1 6 6 region of the gene and an additional upstream region corresponding to the size of the fragment length 1 6 7 being considered. Genes in which more than 1% of the total number of mapped reads, for a given 1 6 8 ܵ and ‫ܨ‬ , mapped to multiple locations across the genome were discarded from further analysis.
6 9
Identifying unique offsets. We defined the most probable offset ∆ Ԣ to have a unique, unambiguously 1 7 0 identified A-site if at least 70% of genes in the dataset had an offset equal to ∆ ᇱ , and further require that 1 7 1 there be at least 10 genes in the dataset. Otherwise, the A-site location is defined as ambiguous for the 1 7 2 6 fragment size and frame under scrutiny. In the Results section, we show the A-site location is largely 1 7 3 robust to moderate variation in this 70% threshold.
7 4
High coverage test. To test for the effect of depth of coverage on the A-site location we increased the 1 7 5
average number of reads per codon required for a gene to be included in the analyzed dataset from 1 to 1 7 6 values up to 50. Three requirements have to be met for an ambiguous offset to be identified as unique as 1 7 7 coverage is increased. As before, 70% of the genes had to have the most probable offset with at least 10 1 7 8 genes in the dataset. In addition, there must to be a statistically significant increasing trend in the most , and normalized our simulated ribosome occupancies such that they sum up 1 8 8
to the total number of reads mapped to that transcript in the experimental data. We then created different 1 8 9 fragment size and 5 end reading frame distributions ( Supplementary Fig. S3A the total number of instances of a PPX/XPP motif, we randomly selected an equal number of instances of 2 0 6 any other three-residue motif and determined the median normalized read density at the third codon 2 0 7 7 position of the motif, thereby creating a random distribution. We repeated this procedure 10,000 times 2 0 8
and calculated the fraction of iterations that had a median density equal to or greater than the one 2 0 9 observed for that PPX/XPP motif. This fraction is equal to the P-value. The instances of PPX and XPP 2 1 0 motifs are identified from those transcripts that have at least 50% of codon positions with 1 read or more.
1 1
Comparison with other A-site mapping methods. We compared the performance of Integer . Similar to S. cerevisiae, we 2 2 9 also implement a constant offset of 18 nt to fragment size range of 25-35 nt.
3 0
Few general methods have been proposed to determine A-site locations in any organism. We 2 3 1 implemented the methods Plastid 7 , RiboProfiling 8 and riboWaltz 9 which are publicly available as R 2 3 2 packages. The A-site offset tables generated using these methods for our analyzed datasets in S.
3 3
cerevisiae and mESCs are presented in Supplementary Table S9 . To determine the A-site profiles using 2 3 4 the 'ribodeblur' method created by Wang and co-workers 6 , we ran the source code available in GitHub 2 3 5
(https://github.com/Kingsford-Group/ribodeblur-analysis/releases/tag/v0.1) on our datasets and added a 2 3 6
custom Python script to generate the 'deblurred' A-site profiles. For Rpbp 41 , the publicly available 2 3 7 software was downloaded and run locally to obtain the A-site offsets. We also applied the center-2 3 8 weighted method as described by Becker and co-workers 42 ; for reads greater than 23 nt, we trim 11 nt 2 3 9 from both ends of the fragment and distribute the read equally among the remaining nucleotides. For 2 4 0 scikit-ribo method 10 , the source code was downloaded and was successfully run for S. cerevisiae 2 4 1 datasets to obtain the A-site profiles. Scikit-ribo could not be run on mouse ESC data as the current 2 4 2 available version of the source code contains bugs resulting in inaccurate annotation assignments for 2 4 3 higher eukaryotic genomes. only if its ribosome density is greater than 1.5 of average ribosome density at the third codon position in 2 4 8 the A-site profile of any compared methods. We use the Wilcoxon signed rank test to determine if there is 2 4 9 a statistically significant difference between the normalized read density at the third codon of motif 2 5 0 instances obtained by Integer Programming and other methods. Illustrating the Integer Programming optimization procedure 2 5 3
To illustrate this Integer Programming algorithm in action we provide an example using the hypothetical 2 5 4 mRNA shown in Figure 2 . The algorithm is as follows: First, for gene , one for each fragment size and frame combination.
6 6
The fragment-size and frame distributions of ribosome-protected fragments (Figs. 1C, D) in S.
6 7
cerevisiae are not gene dependent ( Supplementary Fig. S2 ), and therefore, neither should be the offset criterion is reported in Supplementary Table S2 . We then applied the Integer Programming method to this fragment length and frame. We only show results for fragment sizes between 27 and 33 nt because 2 7 8 9 greater than 90% of reads map to this range (Fig. 1C) . The most probable offset value for all fragment 2 7 9 sizes between 20 to 35 nt is reported as an offset table (Supplementary Table S4 ).
8 0
We see that the optimal ∆ value -that is, the A-site location -changes for different combinations of being located at one codon or another, and therefore we cannot uniquely identify the A-site's location.
9 2
Higher coverage leads to more unique offsets 2 9 3
We hypothesized that ambiguity in identifying the A-site for particular ܵ and ‫ܨ‬ combinations may be due 2 9 4
to low coverage (i.e., sampling poor statistics). To test this hypothesis we pooled the reads from different 2 9 5
published Ribo-Seq datasets into a single dataset with consequently higher coverage and more genes 2 9 6 that meet our selection criteria ( Supplementary Table S2 ). Application of our method to this Pooled and Supplementary Table S4 ), supporting our hypothesis. For example, for fragments of size 27 and 2 9 9 frame 1, now we have the unique offset of 15 nt with 72% of gene-optimized ∆ values at 15 nt ( Fig. 3B ).
0 0
However, we still see the ambiguity present for certain ሺ ܵ , ‫ܨ‬ ሻ combinations.
0 1
We employed an additional strategy to increase coverage by restricting our analysis to genes with , the ambiguity is not resolved even upon 3 1 3 1 0 very high coverage (Fig. 4D ), which we speculate may be due to inherent features of nuclease digestion 3 1 4
being equally likely for more than one offset.
1 5
Thus, high enough coverage yields the optimal offset 
Robustness of the offset table to threshold variation
3 3 4
The Integer Programming algorithm utilizes two thresholds to identify unique offsets. One is that 70% of 3 3 5 genes exhibit the most probable offset, the other, designed to minimize false positives arising due to 3 3 6 sampling noise in the Ribo-Seq data, is that the reads in the first codon be less than one-fifth of the 3 3 7
average reads in the second, third and fourth codon. While there are good reasons to introduce these 3 3 8
threshold criteria, the exact values of these thresholds are arbitrary. Therefore, we tested whether varying 3 3 9
these thresholds changes the results reported in we increased the threshold to 80%.
4 5
We varied the second, aforementioned threshold from one-fifth up to one and down to one-tenth, and 3 4 6
we find that all unique Supplementary Table S5 ). Thus, in summary, in the vast majority of cases, the unique 3 4 8 offsets reported in Table 1 depend very little on specific values of these thresholds.
4 9
Testing the Integer Programming algorithm against artificial Ribo-Seq data 3 5 0
To test the correctness and robustness of our approach we generated a dataset of simulated ribosome 3 5 1 occupancies across 4,487 S. cerevisiae transcripts and asked whether our method could accurately 3 5 2 determine the A-site locations. Artificial Ribo-Seq reads were generated from these occupancies Supplementary Fig. S3A, B) . We investigated the ability of our 3 5 5 method to correctly determine the true A-site locations for four different sets of pre-defined offset values 3 5 6 (see Methods). The Integer Programming algorithm was then applied to the resulting artificial Ribo-Seq 3 5 7
data. We find the offset table generated from the algorithm reproduces the input offsets used 3 5 8
( Supplementary Fig. S3C and Supplementary Table S6 ). This procedure was repeated for different read 3 5 9
length distributions as well as with different input offsets and we find that the offset tables generated by 3 6 0 our algorithm reproduce the input offset tables in greater than 93% of all ሺ ܵ , ‫ܨ‬ ሻ combinations 3 6 1
( Supplementary Fig. S3B, C and Supplementary File S2) . The method identifies a small number of 3 6 2 ambiguous offsets due to the low read coverage at the tails of the distributions. A finding that emphasizes 3 6 3 further the importance of read coverage as a critical factor in accurately identifying the A-site.
6 4
A-site offsets in mouse embryonic stem cells 3 6 5
The biological fact that A-site of a ribosome resides only between the second and stop codon is not the CDS. Based on our experience in the analysis of mESCs dataset, we filter out transcripts with multiple 3 9 8
translation initiation sites as well as transcripts whose annotated initiation sites have been disputed.
9 9
Nakahigashi and co-workers 45 of the CDS ( Supplementary Fig. S4) , especially a higher than average enrichment of reads a few 4 0 5 nucleotides before the start codon. We speculate that the base-pairing of the Shine-Dalgarno (SD) 4 0 6 sequence with the complementary anti-SD sequence in 16S rRNA 46 protects these few nucleotides 4 0 7 before the start codon from ribonuclease digestion and hence results in an enrichment of Ribo-Seq reads.
0 8
Since these "pseudo" ribosome-protected fragments cannot be differentiated from actual ribosome-4 0 9
protected fragments containing a codon with the ribosome's A-site on it, our algorithm is limited in its 4 1 0 application for this data.
1 1
Reproducing known PPX and XPP motifs that lead to translational slowdown . Even in mESCs, Ingolia and co-workers 11 detected PPD and PPE as strong pausing motifs.
1 6
Therefore, we examined whether our approach can reproduce the known stalling motifs. We did this by 4 1 7
calculating the normalized read density at the different occurrences of a PPX and XPP motif. In S. cerevisiae, we observed large ribosome densities at PPG, PPD, PPE and PPN (Fig. 5A ), all of 4 1 9
which were classified as strong stallers in S. cerevisiae 47 and also in E. coli 48 . In contrast, there is no 4 2 0 stalling, on average, at PPP, consistent with other studies 47 . This is most likely due to the action of eIF5A.
2 1
For the XPP motifs, the strongest stalling was observed for GPP and DPP motifs, which are consistent 4 2 2
with the results in S. cerevisiae and in E. coli (Fig. 5B) . In mESCs, we see the strongest stalling at PPE 4 2 3
and PPD, reproducing the results of Ingolia and co-workers 11 ( Supplementary Fig. S5A ). For XPP motifs, 4 2 4
we observed very weak stalling only for DPP ( Supplementary Fig. S5B ). Thus, our approach to map the 4 2 5
A-site on ribosome footprints enables the accurate detection of established translation pausing at 4 2 6 particular PPX and XPP nascent polypeptide motifs.
2 7
A study of Ribo-Seq data of mammalian cells 49 observed a sequence-independent translation pause 4 2 8 when the 5 th codon of the transcript is in the P-site. This post-initiation pausing was also observed in an in 4 2 9
vitro study of poly-phenylalanine synthesis where stalling was observed when the 4 th codon was in the P-
With the A-site profiles obtained using our offset tables for S. cerevisiae and mESCs; we also 4 3 1 observe these pausing events when both the 4 th and 5 th codons are at the P-site ( Supplementary Fig. S6 ).
3 2
Greater A-site location accuracy than other methods
3 3
There is no independent experimental method to verify the accuracy of identified A-site locations using 4 3 4 our method or any other method 4, 5, [52] [53] [54] [55] 6, [8] [9] [10] 12, 41, 42, 51 . We argue that the well-established ribosome 4 3 5
pausing at particular PPX sequence motifs is the best available means to differentiate the accuracy of 4 3 6 existing methods. The reason for this is that these stalling motifs have been identified in E.coli 56,57 and S. 4 3 7 cerevisiae 58 through orthogonal experimental methods (including enzymology studies and toe printing), 4 3 8 and the exact location of the A-site during such a slowdown is known to be at the codon encoding the 4 3 9
third residue of the motif 56 . Thus, the most accurate A-site identification method will be the one that most 4 4 0 frequently assigns greater ribosome density to X at each occurrence of the PPX motif.
1
We applied this test to the strongest stalling PPX motifs, i.e., PPG in S. cerevisiae and PPE in mESCs.
2
In S. cerevisiae, the Integer Programming method yields the greatest ribosome density at the glycine 4 4 3 codon of PPG motif when applied to both the Pooled (Fig. 6A ) and Pop datasets ( Supplementary Fig.   4 4 4 S7A). Examining each occurrence of PPG in the transcriptome, we find that in a majority of instances our 4 4 5 method assigns more ribosome density to glycine than every other method when applied to both the 4 4 6
Pooled (Fig. 6B )) and Pop datasets ( Supplementary Fig. S7B We have introduced a method to determine the A-and P-site locations on ribosome-protected mRNA 4 6 8
fragments, and shown that it is more accurate than other methods in correctly assigning ribosome density 4 6 9
to the glycine residue in PPG motifs and glutamic acid residue in PPE motifs, which are strong 4 7 0 translation-stalling sites in S. cerevisiae and mESCs, respectively. Our method is unique amongst existing 4 7 1 methods because it (i) uses a probabilistic approach to identify the A-site location through Integer 4 7 2
Programming optimization and (ii) has an objective function rooted in the biology of translation -meaning 4 7 3 that its optimization enforces the fact that the A-site location of most reads must have been between the 4 7 4
second and stop codons of the CDSs. To be sure, several methods use biological features to assign the 4 7 5
A-site (such as having more reads around the start and stop codons than in the UTR 2,11 ). However, ours 4 7 6
is the only method that also utilizes feature (i), which is beneficial because the stochastic nature of mRNA , seemingly suggesting that the A-site is located at the 5 -end on a subset of 5 0 5
fragments. Spot-checking the ribosome profiles of these genes, we find that these genes contain no combinations with the lowest read coverage.
1 4
We note that we set a threshold of 70% to determine a most-probable offset for each fragment size 5 1 5
and reading frame and demonstrated that the results are robust to variation with this threshold 5 1 6
( Supplementary Table S5 ). Therefore, the A-site assignments reported in Table 1 that is, increasing their coverage does not lead to a unique A-site assignment (Fig. 4D ). We do not know 5 2 1 the reason for this result, but we speculate that these are situations where there are truly multiple equally 5 2 2 probable A-site locations. Another possibility is that the ribosome adopts different conformations in these 5 2 3 situations that result in different read lengths and offsets, leading to ambiguity 14 . The important point is 5 2 4
that the A-site cannot be accurately assigned in these situations. We therefore recommend that 
